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Abstract
Background: Rubinstein–Taybi syndrome (RSTS) is a rare congenital malforma-
tion syndrome with clinical characteristics such as hypertrichosis, high arched 
eyebrows, large beaked nose, and broad thumbs and halluces. RSTS patients 
showed intellectual disability and health problems such as short stature, oph-
thalmologic abnormalities, congenital heart defects, genitourinary defects, and 
variable types of tumors. Although mutations in CREBBP and EP300 genes are as-
sociated with RSTS features, genetic causation is still unknown in 30% of patients.
Methods: We present clinical and molecular genetic characteristics of 25 unre-
lated Korean patients clinically diagnosed with RSTS. Sanger sequencing analysis 
and multiplex ligation-dependent probe amplification for CREBBP in 25 patients 
and exome sequencing of CREBBP-negative cases were performed in nine pa-
tients successively.
Results: Causative variants were identified in 20 (80%) patients: 16 (64%) in 
CREBBP and 4 (16%) in EP300. All the identified variants predict protein trunca-
tion (11 frameshift, 2 nonsense, 1 splicing-site, and 6 large intragenic deletions); 
there are no repeatedly identified sequence variants. Four of the CREBBP and all 
four EP300 variants are novel. Intellectual disability was noted in 24/25 patients 
(96%); no difference was found between CREBBP and EP300 groups. One patient 
with a CREBBP variant (4%) had malignant tumor.
Conclusions: To date, this is the largest cohort of patients with RSTS including 
EP300-related patients in Korea. Future large-scale studies to find genetic muta-
tion of molecularly unsolved patients and long-term prospective studies are re-
quired to validate our results.
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1   |   INTRODUCTION

Rubinstein–Taybi syndrome (RSTS, OMIM #180849 
and #613684) is a rare congenital malformation syn-
drome that is diagnosed in 1:100,000–125,000 live births 
(Hennekam, 2006). RSTS is clinically characterized by 
broad thumbs and halluces, short stature, developmen-
tal delay, moderate-to-severe intellectual disability, and 
distinctive facial features, including hypertrichosis, large 
beaked nose, and columella below alae nasi (Roelfsema & 
Peters, 2007).

Pathogenic variants in the cAMP response element-
binding protein (CBP, encoded by the CREBBP gene; 
MIM 600140) and homolog p300 (encoded by the EP300 
gene; MIM 602700) have been known to cause RSTS. The 
CREBBP gene is located on chromosome 16p13.3, and the 
EP300 gene is located at 22q13.2. CBP and its homolog 
p300 proteins belong to the same p300-CBP coactivator 
family, and they share more than 70% of sequence, but 
each has its own functions that cannot totally replace 
the other (Oliveira et al., 2006). Both CBP and p300 are 
transcriptional coactivators that mediate the interac-
tion between the RNA polymerase II complex and other 
DNA-binding transcription factors. Moreover, they have 
intrinsic histone acetyltransferase (HAT) activity, which 
is essential for the local and global control of gene expres-
sion, by relaxing the structure of chromatin nucleosomes. 
Most cases of RSTS are caused by sporadic mutations; 
however, they can also be inherited in an autosomal dom-
inant manner. CREBBP gene mutations were identified 
in 50%–60% of RSTS cases (RSTS type I), and EP300 gene 
mutations were observed in ~8% of RSTS cases (RSTS type 
II; Lopez et al., 2018). The spectrum of mutations consists 
of sequence variations (frameshift, nonsense, missense, 
and mis-splicing), large exonic deletions, translocations, 
and inversions (Negri et al., 2019). To date, ~400 causative 
variants have been reported for CREBBP, and more than 
100 variants have been described in EP300 (http://www.
hgmd.cf.ac.uk/ac/gene.php?gene=CREBB​P;http://www.
hgmd.cf.ac.uk/ac/gene.php?gene=EP300). However, the 
genetic basis is still unclear in the remaining 30% of indi-
viduals with RSTS (Bartsch et al., 2005).

Various health problems occur throughout the body in 
patients with RSTS. Ophthalmologic, cardiovascular, gen-
itourinary, and neurologic abnormalities are frequently 
observed (DaCosta & Brookes, 2012). In addition, patients 
with RSTS show behavioral problems and intellectual dis-
ability, and the reported intelligence quotient of patients 
with RSTS ranges from 25 to 79 (Taupiac et al., 2020). 
Previous reports have shown that the development of 
benign tumors is more frequently observed in RSTS pa-
tients than in the general population (Boot et al., 2018), 
and keloid-prone constitution has also been described in 

RSTS individuals (van de Kar et al., 2014). In several stud-
ies, including genotype–phenotype correlation, patients 
with EP300 mutations seemed to have milder intellectual 
disability than those with CREBBP mutations (Fergelot 
et al., 2016; Hamilton et al., 2016; Korzus, 2017; Lopez 
et al., 2018).

In Korea, there was one report published in 2015 that 
16 patients were clinically and/or molecularly diagnosed 
with RSTS, in which only CREBBP mutations were found 
in 10 patients (Lee et al., 2015). The others were mainly 
case reports of sporadic RSTS patients (Baik et al., 1984; 
Lee et al., 2011; Yoo et al., 2015), and there have been no 
reports of RSTS patients with EP300 mutations to date. 
Here, we describe 25 patients with clinical and/or genetic 
diagnosis of RSTS to summarize clinical manifestations 
and determine possible genotype–phenotype correlations.

2   |   MATERIALS AND METHODS

2.1  |  Patients

A total of 25 patients (16 men and 9 women) who showed 
typical clinical characteristics of RSTS were enrolled in 
this study from 2007 to 2020. Clinical diagnosis of RSTS 
relies on the recognition of the characteristic features by 
examination from a clinical geneticist because there are 
no established diagnostic criteria. Medical data were col-
lected from Seoul National University Children's Hospital.

2.2  |  Molecular genetic analysis

Conventional karyotype analysis and/or chromosomal mi-
croarray were performed previously in all patients for ini-
tial evaluation, and there was no significant copy number 
variation. Genomic DNA was extracted from peripheral 
blood nucleated cells collected from all patients, except 
for one patient, with a DNA isolation kit (Qiagen). For 
the patient who previously received umbilical cord bone 
marrow transplantation at the time of enrollment, DNA 
was extracted from buccal mucosa cells. Sanger sequenc-
ing and multiplex ligation-dependent probe amplification 
(MLPA) for CREBBP were performed simultaneously in 
25 patients. All coding exons and their intronic flank-
ing regions of the CREBBP gene (reference sequence, 
NM_004380.3) were amplified by PCR with specific prim-
ers (available upon request). Subsequently, DNA sequenc-
ing reactions were performed using the same primer pairs, 
and the BigDye Terminator V3.1 Cycle Sequencing kit 
(Applied Biosystems) according to the manufacturer's 
instructions. Electrophoresis and analysis of the sequenc-
ing reaction mixtures were performed using an ABI3130xl 

http://www.hgmd.cf.ac.uk/ac/gene.php?gene=CREBBP;http://www.hgmd.cf.ac.uk/ac/gene.php?gene=EP300
http://www.hgmd.cf.ac.uk/ac/gene.php?gene=CREBBP;http://www.hgmd.cf.ac.uk/ac/gene.php?gene=EP300
http://www.hgmd.cf.ac.uk/ac/gene.php?gene=CREBBP;http://www.hgmd.cf.ac.uk/ac/gene.php?gene=EP300
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Genetic Analyzer (Applied Biosystems). MLPA was per-
formed using the SALSA-MLPA kit, P313 (MRC Holland) 
according to the manufacturer's instructions. MLPA data 
analyses were performed using GeneMarker software 
(v.1.7; SoftGenetics), with at least three wild-type samples 
as internal controls. In nine patients who showed negative 
results from CREBBP analysis, we additionally performed 
exome sequencing to identify causative variants in EP300 
(reference sequence, NM_001429.4) and other OMIM-
listed genes. The experimental processes were as described 
previously, with minor modifications (Goh & Choi, 2012). 
All variants were filtered according to the predicted effects 
on the protein and population frequencies. After the caus-
ative variant was identified, the variant was validated by 
Sanger sequencing in the patients and their parents.

2.3  |  Statistical analysis

The Mann–Whitney test and Fisher's exact test were used 
to compare each phenotype between the groups with 
CREBBP versus EP300 variants, as well as the mutation-
positive versus mutation-negative groups. Statistical sig-
nificance was set at p < .05.

3   |   RESULTS

We summarize the clinical and molecular characteristics 
of the RSTS individuals in Tables 1 and 2. The median age 
at diagnosis was 35 (range, 4–324) months, and the me-
dian follow-up duration was 6.54 (range, 0–28) years.

3.1  |  Clinical characteristics

Eight of eighteen patients (44%) were admitted to the 
neonatal intensive care unit immediately after birth and 
maternal preeclampsia was noted in one patient. At clini-
cal diagnosis, short stature (≤3rd percentile for height) 
was noted in 72% (13/18) of patients, and microcephaly 
(≤3rd percentile for occipital frontal circumference) was 
observed in 82% (14/17) of patients. Obesity (body mass 
index ≥95th percentile for children or ≥25.0  kg/m2 for 
adults) was observed in 24% (4/17) of patients at the last 
visit.

Most patients showed typical RSTS features, including 
highly arched eyebrows, large beaked noses, low hanging 
columella, grimacing smile and broad thumbs and hallu-
ces. Especially, broad thumbs and/or halluces were the 
most common features (100%) in this cohort. Strabismus 
was observed in 33% (8/24) of individuals, and additional 
ocular anomalies (cataract, glaucoma-like disc, optic disc 

coloboma, nystagmus, nasolacrimal duct obstruction, pto-
sis, and visual impairment) were found in 9 of 24 (38%) 
patients. Surgery for strabismus was performed in four 
(4/24, 17%) patients. Congenital heart defects (atrial septal 
defect, ventricular septal defect, and patent ductus arteri-
osus) were observed in nine patients (36%). Genitourinary 
problems (undescended testes, micropenis, and vesicouri-
nary reflux) were noted in 46% (11/24) of patients, and 
44% (7/16) of male patients underwent orchiopexy sur-
gery. Feeding difficulty with gastroesophageal reflux was 
observed in 10 of 22 (45%) patients. Inguinal hernia repair 
was performed in one (4%) patients. Scoliosis was noted 
in three (3/24, 13%) patients during follow-up, and vari-
ous skeletal abnormalities (dislocation of the radial head, 
funnel chest, anterior wedging of thoracic spines, and left 
coronal suture synostosis) were observed in 4 of 24 (17%) 
patients. Three (12%) patients showed excessive keloid 
formation, pilomatricoma was diagnosed in one (4%) pa-
tient, and desmoid tumor was noted in one (4%) patient.

Regarding neurodevelopmental characteristics, more 
than one seizure event occurred in three (12%) patients, 
and two of them had been treated with anti-epileptic 
drugs. Various structural anomalies of the central ner-
vous system (tethered cord, volume loss of posterior 
periventricular white matter, delayed myelination, 
arachnoid cyst, Chiari I malformation, Moyamoya dis-
ease, and syringomyelia) were observed in 9 of 24 (38%) 
patients. Intellectual disability was clinically observed 
in 24 of 25 patients (96%). Objective neuropsychological 
tests (Wechsler Intelligence Scale for Children, KEDI-
WISC) were performed in eight patients, and the median 
intelligence quotient (IQ) was 46.5 (CREBBP mutated 
patients; range 34–47, EP300 mutated patients; range 
51–52, and mutation-negative patients; range 46–53). 
Autism spectrum disorder and aggressive behavior were 
diagnosed in 3 of 23 (13%) and 2 of 24 (8%) patients, 
respectively.

In patient (C-01) with a CREBBP variant 
(c.2469_2470del, p.Gln823Hisfs*8), early pre-B cell-acute 
lymphoblastic leukemia developed at the age of 10 months 
and underwent allogeneic bone marrow transplantation. 
He was 10 years old and had visited the hospital routinely 
without disease recurrence.

3.2  |  Molecular characteristics

Pathogenic variants were found in 20 (80%) of 25 patients 
(Figure 1), 16 (64%) in CREBBP, and 4 (16%) in EP300. 
Of the 16 CREBBP variants, 10 (63%) are sequence altera-
tions, all of which predict protein truncation; eight are 
frameshift variants and two are nonsense variants. There 
are no repeatedly identified sequence variants, and 3 of 
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the 10 sequence variants are novel. CREBBP large exonic 
deletions account for the remaining six patients (38%). 
Exon 6–31 deletion is found in three of the six patients. 
All four EP300 variants are novel and result in protein 
truncation, three of which are frameshift variants and one 
splicing-site variant. No missense variants are found in 
either CREBBP or EP300. The causative variants are not 
observed in 5 (20%) patients.

4   |   DISCUSSION

In this report, we describe the clinical and molecular 
characteristics of 25 RSTS patients who visited the hos-
pital with a chief complaint of developmental delay or 
multiple congenital anomalies. Although there are no 
well-established diagnostic criteria for RSTS, its typical 
clinical features have been organized based on previous 
reports of several RSTS cohorts (Fergelot et al., 2016; 
Spena, Milani, et al., 2015). Especially, broad thumbs 
and/or halluces are noted in average 97% and arched 
eyebrows are observed in average 92% of RSTS patients 
(Tekendo-Ngongang et al., 2020). Most of the patients in 
this study also presented typical clinical features, such as 
hypertrichosis, high arched eyebrows, large beaked nose, 
and broad thumbs and halluces. We compared the clini-
cal characteristics of this cohort to the other Asian groups 
(Table 1) which is described in the recent study of RSTS. 
We found that clinical features of seizure, strabismus, and 
keloid were noted in about half of those in the previous 
study (Tekendo-Ngongang et al., 2020).

Analysis of growth profiles revealed that 13 of 18 pa-
tients (72%) showed short stature and 14 of 17 patients 

(82%) showed microcephaly at diagnosis. The postnatal 
growth velocity in height, body weight, and head cir-
cumference is thought to be slower than that for age- 
and sex-matched controls (Beets et al., 2014). A German 
group showed that the final adult heights were 162.6 cm 
[−2.99 SDS] for males and 151.0 cm [−3.01 SDS] for fe-
males (Beets et al., 2014). Other studies have reported 
short stature in 78% of patients and microcephaly in 35%–
94% of patients (Wiley et al., 2003). Therefore, short stat-
ure and microcephaly may be considered typical features 
of RSTS. Although obesity was frequently observed in 
the RSTS patients, obesity was not considered as a man-
datory phenotype of RSTS patients (Kaur et al., 2017). A 
previous study revealed that there was no difference in 
the prevalence of obesity between the general population 
and RSTS patients, who were obese (33%), or morbidly 
obese (8%) at comparable rates (Stevens et al., 2011). In 
this study, 4 of 17 patients (24%; two with CREBBP mu-
tation and one with EP300 mutation) were obese at the 
last follow-up.

From previous reports on genotype–phenotype correla-
tion, it has been shown that EP300-related patients show 
a tendency to have mild features compared to CREBBP-
related patients (Fergelot et al., 2016; Hamilton et al., 
2016; Korzus, 2017). In particular, patients with EP300 
mutations show a lower probability of failure to thrive, 
feeding intolerance, and keloids (Lopez et al., 2018). 
Furthermore, typical clinical features, including broad 
thumbs and halluces, facial abnormalities, and grimac-
ing smile, are less prevalent in the EP300 group (Korzus, 
2017). However, a previous study suggested that patients 
with EP300 mutations may have more severe microceph-
aly and malformation of facial bone structures than those 

F I G U R E  1   Distribution of pathogenic variants detected along the CREBBP (A) and EP300 (B) genes. The location of each variant is 
marked on the exon schematic representation. Symbols represent types of variants.
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with CREBBP mutations (Bartsch et al., 2010). Moreover, 
maternal preeclampsia was more frequently observed 
in EP300 mutations (2%–10%) than CREBBP mutations 
(3%; Fergelot et al., 2016). In our cohort, the mother of 
one patient (E-03) with EP300 mutation (c.1179_1180del, 
p.Ala394Ilefs*16) suffered from preeclampsia during preg-
nancy, and he was small for gestational age at birth. The 
prenatal growth of RSTS is often normal, but prenatal 
growth retardation may be due to preeclampsia observed 
in some cases (Fergelot et al., 2016). Of the patients with 
CREBBP mutations, 43.8% had strabismus and/or con-
genital heart defects, but none of the patients with EP300 
mutations showed these problems, even though there was 
no statistically significant difference between the two gen-
otype groups in each clinical feature. Moreover, because 
the numbers were too small to draw conclusions, we did 
not find that EP300 patients showed less severe features 
than the CREBBP patients.

From the analysis of neurodevelopmental character-
istics, intellectual disability was the most common clini-
cal feature (96%) in these patients, even though objective 
neuropsychological tests were performed in only eight 
patients. Furthermore, they suffer from mood disorders, 
obsessive-compulsive spectrum disorders, and autism 
spectrum disorders (Taupiac et al., 2020). In this study, 
autism spectrum disorder and aggressive behavior were 
also observed in three and two patients, respectively. In 
particular, some studies have reported a lower prevalence 
of psychomotor or speech delay and intellectual disabil-
ity in patients with EP300 mutations (Fergelot et al., 2016; 
Korzus, 2017). In this study, the median IQ was 37 in the 
CREBBP group (n  =  4) [range, 34–47] and 51.5 in the 
EP300  group (n  =  2; range, 51–52). However, it is diffi-
cult to see a difference between the two groups because 
neuropsychiatric assessment was performed in only eight 
patients, which is a limitation of this study in evaluating 
objective cognitive impairment and developmental delay. 
There has been some evidence to reveal the functions of 
the CBP gene in neurogenesis and cognition. Two stud-
ies that tested the biological functions of CBP in mice 
showed that heterozygous mutants showed deficiencies 
in learning and memory and developmental abnormali-
ties, which are similar to those of human RSTS (Korzus, 
2017). Moreover, various mouse models have revealed that 
impairments in synaptic plasticity, fear memory, and poor 
performance are caused by mutations in CBP and other 
transcriptional factors that interact with CBP. However, 
the direct role of CBP and p300 in cognitive functions has 
not yet been fully established in mouse models (Korzus, 
2017). Recently, several researches have been underway to 
understand the role of CBP and p300 in cognitive function 
using induced pluripotent stem cell)-derived neuron from 
RSTS patients (Alari et al., 2018; Calzari et al., 2020). In 

addition, neuroradiological abnormalities are frequently 
noted in up to 70% of patients with RSTS (Ajmone et al., 
2018; Lee et al., 2015). Of our patients, 38% showed vari-
ous structural abnormalities of the central nervous system 
on MRI findings. However, this might not reflect the ac-
tual proportion because not all patients underwent MRI 
in this study.

There have been various reports on the development of 
benign tumors in individuals with RSTS (Boot et al., 2018; 
van de Kar et al., 2014). CBP and p300 play important roles 
in regulating tumor suppressors such as p53, BRCA1, and 
FOXO3a (Wang et al., 2013), and somatic mutations of 
CREBBP are associated with lymphoma, medulloblas-
toma, breast cancer, and colon cancer (Boot et al., 2018). 
Medulloblastoma was reported as the second most fre-
quent central nervous system neoplasm in patients with 
RSTS. In addition, a significantly increased risk of menin-
giomas and pilomatricomas was observed. However, they 
did not confirm an elevated risk for malignant tumors in 
RSTS (Boot et al., 2018). Therefore, regular surveillance 
for cancer development is not routinely recommended 
(Villani et al., 2017). In our cohort, one mutation-negative 
patient had pilomatricomas on his left forearm, one 
mutation-negative patient had intra-abdominal desmoid 
tumor. One patient (C-01) with a CREBBP mutation 
(c.2469_2470del, p.Gln823Hisfs*8) developed acute lym-
phoblastic leukemia.

We identified 10 pathogenic sequence alterations 
(eight frameshift and two nonsense variants) in CREBBP 
from 10 patients, and all sequence variants were de novo 
and private. Consistent with our results, frameshift vari-
ants were most frequently observed in a report of other 
RSTS cohorts (Lopez et al., 2018). Large exonic deletions 
in CREBBP account for 38% of the genetic etiology in our 
patients, which is similar to the results of a previous study 
(Perez-Grijalba et al., 2019). For EP300, we obtained four 
pathogenic sequence variants (two frameshift, one non-
sense, and one splicing-site variant) from four patients. 
In a previous report, 53.5% of EP300 variants were frame-
shift (Spena et al., 2015), which is also consistent with our 
results (50%). No mutation hotspots were found in either 
CREBBP or EP300. Although the loss of the HAT domain 
has a deleterious effect (Lopez et al., 2018), and a previous 
study proposed that larger deletions showed more severe 
clinical manifestations (Bartsch et al., 2006), we could not 
find differences in clinical severity according to the loca-
tion of mutations or deletion sizes. In addition, there are 
some reported patients who showed a mild phenotype, al-
though they have mutations within the HAT domain of 
CREBBP or EP300 (Cohen et al., 2020) along with some of 
our patients. This indicates that the association between 
disease severity and mutation location in the HAT domain 
has not been clarified.
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We could find neither CREBBP nor EP300 muta-
tions in five patients and there was no statistically sig-
nificant difference between the mutation-positive and 
mutation-negative groups in each clinical feature (Table 
1). Therefore, patients with unknown mutations have the 
possibility to harbor mutation at deep intronic or regu-
latory regions of RSTS genes. Moreover, CBP and p300 
are called epigenetic “writers” that have critical roles in 
human development (Fahrner & Bjornsson, 2019; Negri 
et al., 2019). And RSTS characteristics overlap with other 
diseases such as Bohring-Opitz (#605039), Wiedemann-
Steiner (#605130), and Kabuki (#147920, #300867) syn-
dromes, which are also caused by the perturbation of 
epigenetic machinery components (Bjornsson, 2015). 
Therefore, we believe that genetic testing for epigenetic 
machinery components should be performed on patients 
negative with CREBBP and EP300 mutation.

5   |   CONCLUSION

Here, we summarize the clinical and molecular genetic 
characteristics of 25 unrelated Korean patients with 
RSTS through long-term follow-up. To date, this is the 
largest cohort of RSTS in Korea and is also the first study 
of Korean RSTS to include patients with EP300 variants. 
Moreover, we identified eight novel variants. Consistent 
with previous literature, intellectual disability and broad 
thumbs and/or halluces are key phenotypes, and there 
is a possibility of cancer development in patients with 
RSTS. As there are no established or validated criteria 
for the disorder, we relied on the clinician's subjective 
experience to evaluate the severity of characteristics for 
each patient. Therefore, a strategic approach applying 
proper molecular genetic methods can be helpful for cli-
nicians, and larger-scale studies are needed to elucidate 
genotype–phenotype correlations and to develop crite-
ria for the clinical diagnosis and assessment of disease 
severity.
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